A fiber reinforced nickel was developed base on the concept of active composites due to the thermal deformation, and its reproducibility at elevated temperature has been investigated. It was reported that curvature of the composite changed non-linearly during heating/cooling cycle. This hysterisis behavior may be involved with microfracture in the composites. Acoustic emission (AE) technique is very useful to monitor a dynamic microfracture. However, conventional AE technique has a limit in application at elevated temperature. We have investigated the noncontact laser AE technique using laser interferometer as a sensor. In this study, we tried to evaluate thermal deformation process of the active composite by this method. Specimens of pure nickel plate as matrix, SiC continuous fiber as reinforcement fiber and pure aluminum plate as insert layer were prepared by hot pressing. AE signals during heating and cooling processes were detected at the reverse of the specimen using a heterodyne type laser interferometer. Observation results showed that three failure modes such as cracking in matrix layer, debonding of matrix/ fiber interface, and breakage of SiC fiber occurred during thermal deformation process. These failure modes were discussed based on AE source models. AE behavior of the composite showed thermal Keiser effect. This indicates thermal stresses in the composite cause microfracture during thermal deformation process. As a result of the test with the maximum temperature of 1073 K, AE event rate increased rapidly at 960 K and AE signals were detected even in cooling process. This temperature was identified to be the transition temperature of microfracture process in this composite. AE generation temperature was also in good agreement with the critical temperature of hysterisis of curvature.
Introduction
Advanced composites with embedded active materials are brought to international attention, because they are expected to be replaced by complicated mechanical systems such as flow control valves and actuators. Shape memory alloys and piezoelectric ceramics have been mainly developed for these active composites. 1, 2) Asanuma proposed a different approach to realize active composites based on the concept of the thermal deformation in composites. 3, 4) The noticeable feature of this composite is that deformation due to high thermal stresses is used positively, which was suppressed by symmetric lamination designing in conventional concepts. 5) In previous study, a fiber reinforced nickel active composites was developed based on the concept of the thermal deformation at elevated temperature, and its reproducibility were investigated. 6) It was reported that curvature of the composite changed non-linearly during heating/cooling cycle. This change of the hysterisis in curvature will raise the difficulty in utilization of thermal deformation type active composite. So it is needed to investigate the mechanism of the hysterisis.
This hysterisis behavior is closely related to microfracture in the composites. However, it is very difficult to apply the conventional nondestructive evaluation techniques such as ultrasonic testing for the analysis of the behavior of active composites at elevated temperature, because they have micron-order thickness and have large curvature even at room temperature. Acoustic emission technique is a powerful tool for reliability assessment of structures such as smart materials, because it monitors the generation and growth of microfracture in real time. However, conventional contact AE technique has a limit in application at elevated temperature. Furthermore, attached sensors may inhibit the function of smart structures, when the size is small. We have investigated the non-contact AE measurement technique using laser interferometer as a sensor. [7] [8] [9] [10] [11] This laser AE technique has several advantages: such as non-contact, absolute measurement, and applicability for measurement under severe environment. So it is expected to apply laser AE technique for the evaluation of microfracture in various structures. The purpose of this study is to investigate the failure process of the nickel based active composite during thermal deformation process.
Experimental Procedure

Fabrication of the active composite
Nickel plates of 99.7% purity with 0.1 and 0.3 mm thickness, 30 mm width, 60 mm length were used as the matrix, and SiC fiber of 0.14 mm diameter (Textron Systems, Type SCS-6) was used as the reinforcement. Pure aluminum plate with 0.1 mm thickness was used as an insert. Schematic of the assembly is shown in Fig. 1 , and they were hot-pressed using the following conditions: maximum temperature of 993 K, pressure of 27 MPa, and duration of 4.8 ks in a low vacuum of 10 À2 Pa. This condition is derived from the previous study.
6)
Laser AE measurement system
Experimental setup of laser AE measurement system is shown in Fig. 2 . One edge of the specimen was fixed with jig to avoid the defocusing of probe beam due to change of the curvature of the specimen. Probe beam was focused on the specimen near the fixed edge using a mirror. Irradiated area was polished to achieve sufficient reflection. AE events during heating/cooling process were detected using heterodyne type interferometer (AT-0022, Graphtec Corp.) as noncontact AE sensor. Low noise demodulator (AT-3600S, Graphtec Corp.) was used for measurement of out-plane surface velocity with range of 1 mm/s/V. In order to reduce the noise level, output signal was filtered with high pass filter (HPF) of 50 Hz and low pass filter (LPF) of 200 kHz. Detected AE waveforms were recorded by wave memory (DCM-140, JT-Toshi Corp.) with threshold of 0.1 mm/s and sampling period of 50 ns. The center of the surface of the specimen was heated in an infrared furnace with spot diameter of 10 mm, and temperature during test was measured using thermocouple at the center of specimen.
Thermal cycle test
The following two types of thermal cycle tests were performed. One is the increasing maximum temperature cycle test (M type) where maximum temperature increases in 100 K step up to 1073 K with the increase of cycle ( Fig. 3(a) ). The other is the thermal fatigue cycle test (F type) where the maximum temperature is fixed at 1073 K (Fig. 3(b) ). Both cycles was repeated with the heating/cooling rate of 1 K/s and keeping time of 60 s at the maximum temperature.
Wavelet analysis of AE waveforms
Frequency analysis of AE signal is a powerful tool to understand the microfracture process. However, microfracture with different generation time can not be analyzed enough by the simple Fourier analysis. In recent years, wavelet transform (WT), analyzing signals with frequency varying with time, has been applied to AE waveform analysis of composites. 12, 13) It was reported that failure modes such as cracking, debonding or breakage of fiber can be classified by the peak frequency and duration time determined by WT of AE signal. 14) In this study, to analyze AE signals both in time domain and frequency domain, wavelet analysis of AE waveforms were carried out.
Wavelet transform of function f ðtÞ at time t is defined as ðw ; f Þða; bÞ ¼
where ðtÞ is mother wavelet, ðtÞ is complex conjugate of ðtÞ, b and a are parameters of translation and scaling, respectively. In this study, a Gabor wavelet was selected as the mother wavelet. The mother wavelet and its Fourier transform are represented as 
Here, ! p is the center frequency and ¼ ffiffiffiffiffiffiffiffiffiffiffiffi ffi 2= ln 2 p ¼ 5:336.
Results
Observation of failure Figures 4(a) and (b)
show the cross sections of the specimen which are perpendicular and parallel to the fiber direction after 10 cycles of thermal fatigue (F type), respectively. As the result of XRD analysis and EPMA line analysis, the thin layer between embedded fibers and the laminated nickel films was identified to be intermetallic (Ni 2 Al 3 ) layer formed by reaction of nickel films and aluminum sheet during hot pressing. 6) Crack propagation in intermetallic layer toward an edge from the center of heating area was observed, where some SiC fibers were debonded from matrix layer due to crack propagation. Also some breakages of fiber were locally observed near the center of heating area. Figure 5 shows the relationship between the generation temperature and peak velocity of AE signals during the increasing maximum temperature cycle test (M type). The first event was detected at about 610 K (Fig. 5(b) ). As shown in Fig. 5 (c)-5(e), AE started to generate in each cycle at the maximum temperature of previous cycle and stopped with the termination of heating. However, AE was generated not only in heating but also keeping and cooling with the maximum temperature of 1073 K, in Fig. 5(f) . Figure 6 shows the relationship between the generation temperature, cumulative AE events and peak velocity of AE signals during the first cycle of thermal fatigue cycle test. The first event was generated at about 720 K, and AE was continuously generated during heating and cooling to 873 K. In addition, many AE signals were also generated in cooling process down to 673 K. AE event rate was rapidly increased around 960 K and kept high up to 1073 K. Figure 7 shows the relationship between the number of thermal fatigue cycle and AE events in each cycle. AE signals were detected only in the first and forth cycles in the test of 10 thermal cycles. Number of AE event in the first cycle was several hundred times of that in the forth cycle. Figure 8 
AE behavior during thermal cycle test
thermal fatigue (F type), respectively. All of distributions exhibit the same peak of AE peak velocity within 0.1-0.3 mm/s, and AE signals with velocity of over 1 mm/s were only generated in the heating for both M type and F type tests. Figure 9 show the WT diagrams for a low-velocity (Atype) and a high-velocity (B-type) AE signals in the heating (Figs. 9(a) and (b) ), and a signal (C-type) in the cooling (Fig.  9(c) 
Wavelet analysis of AE waveforms
Discussion
Failure types in thermal deformation
Three types of failure were observed during heating/ cooling cycles, which were crack propagation in intermetallic layer, debonding of matrix/fiber interface and breakage of fiber. A crack was initiated at the center of heated area and propagated in intermetallic layer toward an edge. Matrix of this composite was fabricated by hot-pressing from Ni/Al/Ni laminated sheets. It was reported that a crack in hot-pressed metal/intermetallic (such as Ni/NiAl or Ti/TiAl) laminate composites propagates through the center of intermetallic layer parallel to laminate direction under loading because pores are concentrated at this site during the formation process of intermetallic. [15] [16] [17] Furthermore, intersection of the embedded fibers and the center of intermetallic layer may be a crack initiation site. Also some breakages in fiber were locally observed near the center of heating area due to local inhomogeneous stress distribution. As a specimen was heated in an infrared furnace with finite heating diameter, inhomo- geneous thermal stress field in the specimen was generated. Therefore the largest change of the curvature occurred at heating area, while edges almost remained at initial curvature. Figure 10 show the shapes of the specimen at room temperature after M type test with the maximum temperature of 573 K, 873 K and 1073 K. Each of curvatures was estimated to be 2.38, 2.38 and 2.78 m À1 for 573, 873 and 1073 K by curve fitting, respectively. This result is in very good agreement with the previous result using electric furnace, 6) indicating that microfracture occurred in the temperature range from 873 K to1073 K and is reflected by the change of curvature. Figure 11 illustrates the relationship between the maximum temperature (at each step) of M type thermal cycle (T) and AE generation temperature normalized by the previous maximum temperature (T AE =T max ). This ratio T AE =T max was approximately constant at unity for tested temperature range. This suggests that AE during re-heating processes never generates below the previous maximum temperature, and which could be due to thermal Kaiser effect. Kaiser effect is a common characteristic of AE behavior, in which AE signal never generates below the previous maximum stress due to tensile or bending loading of materials. The present result concluded that microfracture propagated with higher thermal stress than previous stress, then stopped at a constant stress or lower stress stage. Furthermore, the existence of Kaiser effect demonstrates that detected AE signals are not originated from friction at jigs.
Change of curvature in thermal deformation
Thermal Kaiser Effect of the active composite
Effect of annealing history on AE behavior
Fabricated active composite showed thermal Kaiser effect in the temperature range up to 973 K in M type test. However, with the maximum temperature of over 1073 K, AE generated at a constant stress or lower stress (Fig. 5(f) ). Furthermore, the similar behavior was observed in F type test, while it stopped at a temperature below 873 K (Fig. 6) . These results suggest that microfracture propagation without the increase in thermal stress occur with the maximum temperature of over 1073 K. As shown in Fig. 7 , AE signals were detected only in the first and forth cycles during 10 cycles, indicating that thermal Kaiser effect is also observed in F type test where AE signals were detected in the first cycle below the previous maximum temperature. AE signals in the forth cycle were detected both in heating and maintaining stage, while the number of events was only one hundredth of that in the first cycle. Signals in the forth cycle probably originated from the change of stress field due to the degradation of the composite by cyclic heaing. As shown in Fig. 6 , AE event rate rapidly increased at around 960 K and Evaluation of Thermal Deformation Process of Nickel Based Active Composites by Laser AE Techniquemaintained at high rate up to 1073 K. This temperature range is corresponding to the range where sizable curvature hysterisis was observed (Fig. 10) . It is concluded that a transition of failure process occurred around 960 K.
Microfracture process during thermal cycle test
As shown in Fig. 9 , AE signals in heating are classified into two groups: A-type signal only have a sharp peak at 75 kHz with a duration time of around 30 ms (Fig. 9(a) ) and B-type signals have several peaks of around 170 kHz with a duration time of around 40 ms (Fig. 9(b) ). It is considered that these differences are reflected by the microfracture mode. There are some researches on the frequency analysis of AE waveform of composite materials. 13, 14) As frequency of AE strongly depends on the measuring system and materials, it is difficult to compare the present results with the references directly. In the case of single carbon fiber embedded epoxy matrix composite under tensile loading, it has been reported that AE signals corresponding to matrix cracking and breakage of a fiber exhibit a peak frequency below 100 kHz and within 400-450 kHz, and duration time of around 35 ms and 20 ms, respectively. 13) Besides, it has been also reported that AE signals corresponding to debonding of matrix/fiber interface have peak frequency at 200-300 kHz. 13, 14) From the analysis of this data, A-type signals are identified to be crack propagation and the peak frequency in the B-type and C-type is due to the debonding. A few breakage of fiber occurred during thermal cycle test. However, frequency at 400-450 kHz in signals could not be detected, because the laser AE has a low pass filter (LPF) of 200 kHz. Thus, when AE signals corresponding to breakage of fiber have peak frequency over 200 kHz, high frequency range of these signals is not detected. AE signals in heating up to 960 K and over 960 K are corresponding to crack propagation in intermetallic layer and both of crack propagation and friction at fiber/matrix interfaces, respectively. AE signals in maintaining or cooling stage are identified to friction. Quantitative analysis of AE source including the effect of wave propagation in the composite will be done as a future work to identify the microfracture modes. Fig. 11 Relationship between the maximum temperature at each step of M type thermal cycle and AE generation temperature normalized by the previous maximum temperature.
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Conclusions
(1) AE signals in thermal deformation process of the nickel based active composite are successfully detected using laser AE technique. (2) AE behavior of the nickel based active composite showed thermal Keiser effect, revealing that thermal stresses in the composite cause microfracture in the thermal deformation. (3) In the test with the maximum temperature of 1073 K, AE event rate increased at 960 K and AE signals were detected even in cooling process. This temperature is considered to be a transition of microfracture process. (4) Three types of failure, cracking in intermetallic layer, debonding of matrix/fiber interface and rupture of SiC fiber were observed in the thermal deformation process. These failure modes are classified by the wavelet transform of AE signals.
